INTRODUCTION
The widespread association of precious metals with base metal sulfide ores is well known. Therefore, many systematic investigations of the processes by which precious metals accumulate on metal sulfide surfaces have been undertaken (Bancroft and Jean 1982; Starling et al. 1989; Cabri 1992; Foya et al. 1999; Cabri et al. 2000 , and references therein). Particular efforts were made to study the valence state of precious metals in sulfides, and to address their nearest chemical environment. This topic is of great scientific and economic interest because an accurate knowledge of the modes of occurrence (e.g., sub-microscopic inclusions vs. structurally bound atoms) of precious metals in sulfides is essential to optimize metal recovery, improve metallurgical techniques, and gather more information on ore-forming processes.
Experimental evidence of valences of noble metals in sulfides frequently leads to controversy because noble metals often occur in small amounts, close to the detection limits of many techniques, and are unevenly distributed in minerals (Cabri 1992) . In particular, the most common techniques for valence studies of dispersed precious metals in sulfides are XANES and Mössbauer spectroscopy, whereas electron paramagnetic (or spin) resonance (EPR or ESR) studies are comparatively scarce (e.g., van Moort et al. 1995; McQueen et al. 2001) . However, a potential advantage of this technique is the ability to detect paramagnetic species down to the ppb level (Weil et al. 1994) .
Di Benedetto et al. (2002) have recently reviewed the applications of magnetic techniques, including EPR and direct magnetic measurements, to the study of valence state and site symmetries of transition elements in mineral sulfides and sulfosalts. While EPR has been profitably applied to the characterization of Ag properties in some materials (Michalik et al. 1996; Mitrikas et al. 1999) , no data are published, to our knowledge, concerning Ag speciation in galena as studied by paramagnetic resonance spectroscopies. In this paper, to evaluate * E-mail: dibenefr@geo.unifi.it Chemical speciation of Ag in galena by EPR spectroscopy PILARIO 
ABSTRACT
Electron paramagnetic resonance (EPR) spectroscopy has been used to study the valence state of silver in "argentiferous" galena samples from the Apuane Alps (Tuscany, Italy) mining district. This method was used to reveal primary metallic silver (Ag 0 ) in galena. Both thermodynamic data and experimental studies suggest that galena and native silver can stably coexist, but have not been reported as a primary (hypogene) assemblage in natural samples. EPR spectroscopy proved to be a suitable tool to solve this problem, because this technique is capable of detecting paramagnetic species down to the ppb level, even in a highly absorbent matrix such as galena.
A detailed SEM-EDS investigation could not detect metallic silver (or gold) in galena samples, but did reveal small (few micrometers) inclusions of Ag-bearing phases, in which silver has a formal valence of +1. On the other hand, EPR spectra indicated the presence in galena of pairs and clusters of elemental silver atoms, which may be associated with pairs of metallic gold, or with silver-gold hetero-atomic pairs. Therefore, SEM/EDS and EPR are complementary techniques, revealing the presence of both Ag + and Ag 0 . The Ag(Au) metallic species were apparently deposited on the galena surface during its growth from mineralizing fluids. Their scarcity, and the presence of larger amounts of Ag 1+ phases, suggest that the assemblage galena-metallic silver was stable only under peculiar physical and chemical conditions. The formation of Ag 0 was presumably linked to local and rare chemical fluctuations of the hydrothermal environment, characterized by low activities of S, Sb, Bi (Cu…) and high activity of Ag in the fluids. The occurrence of both homo-and hetero-atomic pairs suggests either different kinetics of pair formation, or possible fluctuations in the composition of the hydrothermal fluids, which alternatively carried Ag or Au species, or both. the potentialities of this method, an attempt at analyzing the problem of Ag uptake by galena (PbS) using EPR has been carried out. This problem is a good test of the effectiveness of the method, because galena is a highly absorbent matrix, which is a drawback for many spectroscopic techniques, and Ag may occur in this mineral in very low amounts (see below). Analyses were performed in samples from the Apuane Alps mine district, where Ag has been recovered from galena and sulfosalts since the Medicean period (Lattanzi et al. 1994 , and references therein). As small amounts of Au are known to occur in these deposits, EPR spectroscopy was also used to investigate the valence state of this metal and its relationships with Ag.
SILVER IN GALENA: WHAT IS KNOWN
Silver occurs in many Cu-Pb-Zn minerals, both as included Ag phases, and in solid solution (Thorpe et al. 1976; Gasparrini and Lowell 1984) . Specifically, Ag has an almost ubiquitous association with galena (PbS) in a variety of ore types (e.g., Boyle 1968) . It may be present in galena either in solid solution (through isomorphic substitution for Pb), or as very finegrained, discrete Ag phases (Sharp and Buseck 1993 (Foord et al. 1988; Foord and Shawe 1989) . Most authors (e.g., Gasparrini and Lowell 1984; Cabri 1992; Zeng et al. 2000 , and references therein) agree that the Ag contents in galena ores is mainly accounted for by Ag-bearing minerals included in, or associated with, galena, especially argentian tetrahedrite (freibergite), but also polybasitearsenpolybasite, pearceite, pyrargirite-proustite, or even rarer phases such as diaphorite and franckeite (Sharp and Buseck 1993; Leuth et al. 2000) . The occurrence of pure metallic Ag in galena (and in other sulfides) seems to be relatively rare in nature, whereas the Ag-Au alloy, electrum, is more common (e.g., Knipe et al. 1992; Larocque et al. 1995) . The formation of electrum and, in particular, of metallic Ag is, however, often ascribed to late-stage or supergene processes postdating the main event of sulfide deposition (e.g., Bancroft and Hyland 1990 , and references therein). To the best of our knowledge, co-precipitation of pure metallic Ag with galena in natural samples has not been reported in the literature.
The stability of the assemblage PbS-Ag 0 in natural conditions is attested to by both thermodynamic data and laboratory experiments (e.g., Scaini et al. 1995 Scaini et al. , 1997 . There is, in fact, a relatively wide range of temperatures and f S2 over which Ag 0 can stably coexist with PbS, provided that f S 2 is not too high (Barton and Skinner 1979) .
Recent studies of chemical reactions between aqueous Ag solutions and galena at room temperature (25 ∞C) have shown that Ag 0 may actually form and be taken up by galena (Scaini et al. 1997 ) via a two-stage process involving the sorption of Ag + ions at the galena surface, and, subsequently, their sulfidation/oxidation through an ion exchange process. The overall two-step reaction path is:
(1)
In agreement with Jeppsson (1989) , a possible explanation of the rarity of metallic Ag inclusions in galena is its tendency, in the presence of elements such as Bi and Sb (relatively common in many galena-bearing ore-forming systems), to be preferentially incorporated in the galena lattice, provided that the temperatures are high enough (350-400 ∞C, see above). If Cu, Zn, and other metals are also present in the ore-forming system, then Ag would be more efficiently partitioned in minerals of the tetrahedrite-tennantite solid solution rather than in galena (Amcoff 1976; Foord and Shawe 1989; Jeppsson 1989 
EXPERIMENTAL METHODS

Provenance and mineralogy of galena samples
Ag-bearing galena samples were obtained from the collections of the Museo di Storia Naturale, Sezione di Mineralogia e Litologia, Università di Firenze. They come from two base-and precious-metal deposits in the Apuane Alps mining district (northern Tuscany, Italy), namely the barite-pyrite (Pb-Ag) Pollone and the Pb-Ag(Zn) Bottino deposits. These deposits have been discontinuously exploited since at least the Middle Ages up until the second part of the past century. In particular, mining for Ag reached its climax in the 16 th (Medicean period) and 19 th centuries (Lattanzi et al. 1994 , and references therein). In both deposits, Ag is reported to be mainly "concentrated" in galena as associated and/or included Ag minerals: argentian tetrahedrite, freibergite, pyrargyrite, and electrum at Pollone (Brizzi and Olmi 1989; Frizzo and Simone 1995) and Agrich tetrahedrite, argentopentlandite, and pyrargyrite at Bottino (Benvenuti et al. 1989; Benvenuti 1991) . According to Benvenuti et al. (1989) and Costagliola et al. (1998) , ore minerals were deposited in veins and other structurally controlled sites by metamorphogenic fluids (T = 350-450 ∞C; P = 3-4 Kbar) that circulated through the Apuane Alps basement during the Apenninic orogeny (27-8 m.y., Carmignani and Kligfield 1990) .
Analytical procedures
Galena crystals were handpicked from the associated phases. All samples were carefully checked for purity by optical examination. The external portions of the galena crystals were selectively cut out and removed, to avoid possible contamination from Ag deposited onto their surfaces, either by supergene alteration (see below), or by post-sampling photoreduction of the (Ag-bearing) primary phases associated with galena. Further Ag + photoreduction during sample handling and analyses was avoided by operating in dark conditions.
Polished sections were observed in reflected light and by SEM-EDS (Philips SEM 545). Semi-quantitative analyses were performed on selected samples; raw data were reduced by applying the program FRAME C. Quantitative analyses were carried out by means of a JEOL JXA 8600 electron microprobe, operating at 15 kV and 10 nA and using synthetic galena and Ag as standards.
Electron paramagnetic resonance measurements were performed by means of a Bruker 200D spectrometer interfaced with Stelar software to a PC IBM computer. Data were collected from finely ground powders, dispersed in paraf-fin wax into pure amorphous silica capillaries, as reported in Bernardini et al. (2000) . Spectra were obtained at room temperature. The g-values (g = Landè splitting factor) were refined with reference to the external standard DPPH [2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl] value (g = 2.0037). The values of magnetic parameters and line widths were obtained by a best-fit procedure between experimental and simulated spectra (Bernardini et al. 2000) . The latter were performed by means of SimFonia, part of the WINEPR package provided by Bruker Analytische Messtechnik GmbH, providing as input parameters the Zero Field Splitting (D and E), g and hyperfine T tensor components, and the line width DH values (Di Benedetto et al. 2002) .
RESULTS
Mineralogical and textural features of galena samples
Optical observations indicate that, in the samples studied, galena occurs either alone or, more rarely, with accessory pyrite, chalcopyrite, and sphalerite. High-magnification (about 10 4 ¥) SEM images, however, reveal the presence in all samples of small inclusions (some micrometers in diameter) of Ag-bearing minerals, preferentially located along the grain borders (Fig.  1) . Given their very small size, a precise mineralogical identification by SEM/EDS was not possible. Semi-quantitative analyses of such inclusions show the systematic presence of Sb in addition to Ag; Pb is also commonly present. Although the latter element could reflect contamination from the surrounding galena, the occurrence of Ag-Sb-Pb phases at Pollone is well-documented (Frizzo and Simone 1995) .
Electron microprobe analyses performed in traverses across contacts between these Ag-bearing inclusions and galena show that, moving a few micrometers away from the inclusions, Ag concentrations rapidly drop below the detection limit (estimated at some hundreds of ppm). Moreover, near the contact with the Ag-bearing inclusions, the Ag content of galena is positively correlated with the accelerating potential of the electronic beam. As an increase of the accelerating potential implies an increase of the volume excited by the electron beam, the presence of Ag near the Ag-inclusions may represent an effect arising from the inclusion itself, and not from Ag structurally bound in galena. On the other hand, Frizzo and Simone (1995) found appreciable amounts of Ag and Sb in inclusion-free galena samples from Pollone. In any case, the presence of metallic Ag in the Pollone and Bottino samples was not detected by either optical microscopy or SEM/EDS analyses. Moreover, mineralogical textures suggesting a supergene alteration of the samples have not been observed in the present study. According to previous studies, in fact, supergene phenomena are of minor importance in both deposits (Benvenuti et al. 1989; Frizzo and Simone 1995; Costagliola et al. 1998) .
A preliminary SIMS survey (A. Rossi, personal communcation) confirmed that Ag is indeed present in portions of galena where Ag-bearing minerals were not detected by SEM/EDS and where electron microprobe did not reveal the presence of Ag.
EPR spectroscopy
EPR spectra collected at room temperature for samples 621, 15870, 618, 2838, and 15838 are shown in Figure 2 . The spectra of samples 621 and 15870 are characterized by a main line centered at B ~ 3300 G, while a second signal is present at lower values of B (~1700 G). The spectra of samples 618, 2838, and 15838 show a very large signal, ranging between 0 and 7000 G. A second signal is evident at B ~ 1500 G for samples 2838 and 15838. For this last sample, the typical sextet of Mn 2+ , having a g-value of 2.0057 (corresponding to the center field of the sextet) and a <T> value of 66 G, is evident, superimposed on the main line. Because no EPR spectra of Mn in galena have been reported in the literature, and the spectral parameters agree with those reported for sphalerite by Kreissl and Gehloff (1984) , this sextet should be preferably attributed to Mn 2+ in sphalerite, associated with galena in this sample, as revealed by optical microscopy.
More detailed spectra, collected from selected regions around the previously mentioned values (i.e., 1700 and 3300 G), did not evidence any other features. Low-temperature investigations, which are usually performed to improve the quality of the spectra, were attempted, but no further information was obtained, because of the broadening of the EPR signal, as observed in some sulfide semiconductors (Sansonetti et al. 1979; Di Benedetto et al. 2002) .
According to Bethke and Barton (1971) , Sharp and Buseck (1993) , and Gaines et al. (1997) , the most common trace elements in galena are Sb, Bi, Cd, Mn, Cu, Hg, and Ag. While Sb, Bi, Cd, and Hg are diamagnetic, divalent Mn yields a six-line spectrum, as previously mentioned, while Ag becomes EPR active only if in an even oxidation state (i.e., Ag 0 or Ag 2+ ). Cu, on the other hand, is diamagnetic if monovalent, and produces a narrow line centered at 3300 G if divalent (e.g., Bente 1987; Bernardini et al. 2000) , completely different from the experimental spectra. Taking into account the EPR element and valence state specificity (Calas 1988) , the IB group elements (Cu 0 , Ag 0 , and Au 0 ) seem to be the most likely attribution for all the spectral features but the Mn sextet. With respect to Cu, its reduced state (Cu 0 ) is not stable in coexistence with galena since the sulfidation curve of copper lies below that of lead (Barton and Skinner 1979) . Possible kinetic effects which may favor the metastability of Cu 0 at relatively high sulfur activities may be excluded by taking into account the fact that copper sulfides display a characteristic fast reaction kinetic under most minerogenic conditions (e.g., Craig and Vaughan 1981) . It can be concluded, therefore, that only Ag 0 or Au 0 may account for the observed spectral evidences. These species should be preferably considered as associated with galena, rather than sphalerite and/or chalcopyrite, because all EPR spectra of samples with different phase association are very similar. Moreover, no evidence of Fe 3+ , denoting the presence of chalcopyrite, or of Mn 2+ , apart from sample 15838, revealing sphalerite inclusions, have been detected.
Simulations were performed in the overall range of field values, assuming only Ag 0 or Au 0 as the origin of all spectral features; best fit parameters are reported in Table 1 , while the corresponding simulated spectra are shown in Figure 3 . The main features are the strong g-tensor anisotropy, common to all spectra, and the presence of zero field splitting tensor components, which indicates that clusters of paramagnetic centers are present. Simulations were performed taking into account only the Me-Me pair contribution (Me = Ag and/or Au, spin quantum number S = 1), as inferred by the thermodynamic parameters presented by Becker et al. (1997) , who proposed metal pairs to be the first stage of formation of noble metals islands on the galena surface.
The simulations of the spectra of samples 618 and 2838 (Fig. 3) , performed assuming Ag-Ag pair interaction (Table 1) , appear to reproduce almost all the features revealed in the measured spectra. However, an incomplete agreement between the experimental and calculated spectra, especially at field values lower than 1000 G, is interpreted, in accordance with Abragam and Bleaney (1970) , as indicative of the presence of highersize clusters (not simulated).
The very good agreement between experimental and simulated spectra for sample 621 suggests that the unpaired electrons belong to Au-Au pairs. The spectrum of sample 15870, on the other hand, while presenting features which may be due Table  1 ). Sample numbers are shown beside the spectra.
to the presence of only dimeric species, is characterized by a small structure between ~1800 and ~3000 G which cannot be explained by an Au-Au interaction. A similar structure can, however, be reproduced by simulating a spectrum imposing a heterodinuclear interaction, namely an Ag-Au pair. This spectral feature, therefore, apparently confirms the results obtained by Becker et al. (1997) , which show that the formation of Au-Ag pairs is energetically favored on sulfide surfaces.
DISCUSSION
The results of the SEM/EDS analyses indicate that most of the Ag in galena should be associated with Ag-Sb(Pb) phases, most probably sulfosalts, where Ag has a formal valence Ag + , silent in EPR spectroscopy. However, the occurrence of metallic Ag was detected by EPR. Independent of the size of the aggregates in which it occurs, this Ag should therefore be primary, i.e., neither of supergenic origin, because only the cores of galena crystals have been sampled, nor derived from photoreduction of Ag-S compounds during sample handling. Moreover, reproducible results were obtained from replicate analyses on the same samples, so that systematic errors can be reasonably ruled out. It may be safely assumed, therefore, that only Ag 0 included into galena during its primary deposition from the ore-forming fluids has been analyzed.
Owing to very low concentrations, the deposition of Ag 0 inclusions in galena has to be considered episodic. In agreement with Jeppsson (1989) , this may be explained by the relatively large availability in the ore-forming environment of elements like Sb, Bi, Cu, and S, which would have favored either the partitioning of Ag to form proper sulfides and sulfosalts (pyrargirite, freibergite, tetrahedrite, etc.) and/or its solution in galena, depending on the formation temperatures. The sporadic deposition of metallic Ag may have taken place when the fluctuating physico-chemical conditions of the hydrothermal environment were such that f S 2 values were between the sulfidation curves of Ag and Pb. Metallic Ag is expected to survive on the galena surface provided that the physico-chemical environment does not change significantly with time. As mentioned above, increasing amounts of S, Bi, Sb, and other metals in solution may favor either the deposition of proper Ag phases, or the enhancement of Ag solubility in galena. Thus in a PbS-saturated, Sb and Bi-poor, Ag-rich fluid, Ag 0 could first deposit onto the surface of the precipitating galena, and then be incorporated by the growing sulfide. In such a way, Ag 0 would be preserved from any reaction with the surrounding fluids.
The presence of isolated pairs of metallic Ag and Au in galena samples deserves further discussion. Electrum is a common phase in many deposits, because of its relatively wide stability field in hydrothermal systems (Krupp and Weiser 1992) . However, in some deposits distinct Ag and Au aggregates have been observed on the surface of sulfide phases, owing to the different time of introduction of Au and Ag in the oreforming system (e.g., Starling et al. 1989) . The thermodynamics of Au 0 and Ag 0 pairs and clusters, adsorbed on the galena surface, was investigated by Becker et al. (1997) , who studied the very first stage of metal adsorption at the atomic level under laboratory conditions. These authors suggest that pairs are the first form of stable aggregate on the surface. Single Au atoms, in fact, rather than Au pairs, are energetically not favored because of their unpaired spin. A similar behavior could be assumed for Ag, taking into account the strong physicochemical analogies between Ag and Au. Coarsening of metal pairs in larger clusters is thermodynamically favored, and may be accomplished through diffusion on the galena surface. According to Becker et al. (1997) , the formation of homo-atomic pairs (Au-Au or Ag-Ag) is thermodynamically unfavorable with respect to the formation of hetero-atomic pairs. Therefore, if Au and Ag are present in the same hydrothermal fluid and precipitate on the galena surface, the precipitation of Au-Ag aggregates is very likely. This study confirms that pairs precipitate on the galena surface; pair coarsening is seemingly responsible for cluster formation. The occurrence of both homo-and heteroatomic pairs, revealed by EPR, suggests either different kinetics of formation, or possible fluctuations in the composition of the hydrothermal fluids, which carried alternatively Ag or Au species or both.
The present study confirms that EPR is a suitable tool for investigating the presence and modes of occurrence of transition metals in minerals, even when they occur in very low amounts, and are disseminated within a highly absorbent matrix (as in the case of Ag 0 in galena). The formation of Ag 0 is presumably linked to local (rare) chemical fluctuations of the hydrothermal environment, characterized by low activities of S, Sb, Bi (Cu…) and high activity of Ag in the fluids. While the presence of small amounts of metallic Ag in galena is probably of low economic interest, it may have relevant consequences in sulfide bio-leaching techniques. These are extremely sensitive to low amounts of Ag because it may inhibit the activity of oxidizing bacteria (Pooley and Shrestra 1996 and references therein) .
